The zinc-finger antiviral protein (ZAP) is a host factor that specifically inhibits the replication of certain viruses, including murine leukemia virus, Sindbis virus and Ebola virus, by targeting the viral mRNAs for degradation. ZAP directly binds to the target viral mRNA and recruits the cellular RNA degradation machinery to degrade the RNA. No significant sequence similarity or obvious common motifs have been found in the so far identified target viral mRNAs. The minimum length of the target sequence is about 500 nt long. Short workable ZAP-binding RNAs should facilitate further studies on the ZAP-RNA interaction and characterization of such RNAs may provide some insights into the underlying mechanism. In this study, we used the SELEX method to isolate ZAP-binding RNA aptamers. After 21 rounds of selection, ZAP-binding aptamers were isolated. Sequence analysis revealed that they are G-rich RNAs with predicted stem-loop structures containing conserved "GGGUGG" and "GAGGG" motifs in the loop region. Insertion of the aptamer sequence into a luciferase reporter failed to render the reporter sensitive to ZAP. However, overexpression of the aptamers modestly but significantly reduced ZAP's antiviral activity. Substitution of the conserved motifs of the aptamers significantly impaired their ZAP-binding ability and ZAP-antagonizing activity, suggesting that the RNA sequence is important for specific interaction between ZAP and the target RNA. The aptamers identified in this report should provide useful tools to further investigate the details of the interaction between ZAP and the target RNAs.
INTRODUCTION
The zinc-finger antiviral protein (ZAP) was initially recovered as a host factor that inhibited the infection of cells by Moloney murine leukemia virus (MLV) (Gao et al., 2002) . In addition to MLV, ZAP also inhibits the replication of Ebola virus (EBOV) and Marburg virus (MARV) (Muller et al., 2007) , and several members of the Alphavirus genus, including Sindbis virus (SINV) (Bick et al., 2003) . However, ZAP does not induce a universal antiviral state, as the replications of some viruses, including herpes simplex virus type 1 and yellow fever virus, are not affected in ZAP-expressing cells (Bick et al., 2003) .
ZAP directly binds to specific viral mRNA sequences (Guo et al., 2004) and recruits the RNA processing exosome to degrade the target RNA (Guo et al., 2007) . The RNA helicase p72 is required for optimal function of ZAP (Chen et al., 2008) . Insertion of some viral sequences into the 3' UTR of a luciferase reporter rendered the reporter sensitive to ZAP's inhibitory effect (Guo et al., 2004) . The ZAP responsive element (ZRE) in MLV was mapped to the 3' long terminal repeat, and the ZREs in SINV were mapped to multiple fragments (Guo et al., 2004) . The sensitive sequences in EBOV and MARV were mapped to the L fragment (Muller et al., 2007) . The only common feature of these ZAP target sequences is that they are all more than 500 nt long. No obvious common elements or motifs can be identified in these ZREs. A short workable ZAP-binding RNA is needed for further studies on the interaction between ZAP and the target RNA.
The Systematic Evolution of Ligands by Exponential enrichment (SELEX) is an efficient method to isolate highaffinity DNA or RNA ligands for target proteins (Jayasena, 1999) . RNA aptamers isolated by SELEX can adopt complex structures to bind target proteins with high affinities (Ellington and Szostak, 1990; Tuerk and Gold, 1990) . For example, using the SELEX method RNA aptamers have been isolated that bind HIV Tat (Yamamoto et al., 2000) and reverse transcriptase (Tuerk et al., 1992) and these aptamers proved to be powerful tools for better understanding the RNA-protein interactions.
In this report, as a step towards understanding the interaction between ZAP and its target RNA, the SELEX method was used to isolate RNA aptamers that bind to ZAP and these aptamers were further characterized.
RESULTS

Isolation of ZAP-binding RNA aptamers by SELEX
To generate an RNA library for SELEX, oligonucleotides containing 40 nucleotides of random sequence flanked by defined sequences were PCR-amplified, with the T7 promoter sequence built in the forward primer (Fig. 1A) . The amplified DNA was transcribed to produce a random RNA library. The RNA library was incubated with myc-tagged ZAP immobilized on Protein G-agarose via anti-myc antibody. The bound RNAs were recovered, reverse transcribed and PCR-amplified. The PCR product was used as template to generate RNAs for the next round of selection. A total of 21 rounds of selection were performed.
To confirm that the selected RNAs had higher binding affinity for ZAP, the unselected RNA (pool 0) and selected RNA (pool 21) were assayed for their binding to ZAP. The pool 21 RNA bound to ZAP could be easily detected and the amount of the bound RNA increased as the amount of ZAP increased, while little pool 0 RNA bound to ZAP although comparable amounts of ZAP protein were used as determined by Western blotting (Fig. 1B) . In the absence of ZAP only very weak background binding was detected (Fig. 1C) . These results indicated that ZAP-binding RNA aptamers were successfully selected.
Sequence analysis of the selected RNA aptamers
Twenty nine clones randomly picked from round 21 were sequenced. All of them are rich in guanidine and all except two contain "GGGUGG" and/or "GAGGG" motifs. Based on sequence alignment, the RNA aptamers were divided into three groups ( Fig. 2A) . The aptamers containing the motif "GAGGGUGGG" were grouped as group I, the aptamers containing the motif "GGGGUGGAGGG" were grouped as group II, and the rest aptamers were grouped as group III. The MFold program (Zuker, 2003) was used to predict the minimum-energy structures of clones 21E, 21K and 21I, which were chosen as representatives of groups I, II and III, respectively. Since the RNAs subjected to selection contained the vector sequence, the sequences from both the vector and library were used for structure prediction. All the three aptamers were predicted to form stem-loop like structures. The sequences of the loop region were derived from the library and the sequences of the stem region were derived from the vector and library. Since the vector sequence was fixed, it seems that pairing sequences were selected from the library to form the stem. In the loop region, there are two highly conserved motifs, "GGGUGG" and "GAGGG" (Fig. 2B) . The aptamers in groups I and II were more abundant than those in group III. Hence, aptamers 21E and 21K were chosen for further analyses.
Overexpression of the ZAP-binding RNA aptamers reduced ZAP's antiviral activity
The viral ZREs can confer to the pGL3-luc reporter sensitivity to ZAP's inhibitory effect (Guo et al., 2004) . To test whether the RNA aptamers had such a function, the sequence encoding 21E or 21K was cloned into the reporter. The reporter carrying a ZAP-sensitive fragment from SINV (SINV-M) was used as a positive control, and the reporter carrying a random fragment from pool 0 was used as a negative control. The sensitivity of the reporter was indicated by fold inhibition. While the positive control SINV-M conferred to the reporter significant sensitivity to ZAP, 21E or 21K failed to do so (Fig. 3A) . A reporter containing two copies of 21E was also tested and it did not display any detectable increased sensitivity to ZAP (Fig. 3A) . This result indicated that the ZAP-binding aptamers were not sufficient to confer sensitivity to the reporter.
Considering the binding ability of the aptamers to ZAP, we reasoned that overexpression of the aptamers in ZAPexpressing cells might competitively inhibit the binding of ZAP to the target viral mRNA and thereby inhibit the antiviral activity of ZAP. The aptamer 21E was first analyzed for its ability to inhibit the binding of a viral ZRE to ZAP in the in vitro binding assay. Indeed, 21E RNA inhibited the binding of the viral ZRE to ZAP in a dose dependent manner (Fig. 3B) . To test the inhibitory activity of the aptamer in vivo, the sequence encoding aptamer 21E was cloned into pSuper-Retro. The RNA aptamer-expressing plasmid was cotransfected into 293TRex-ZAP cells with the pMLV-luc reporter and assayed for the effect on ZAP's activity. Compared with the random RNA, overexpression of the aptamer 21E modestly but significantly reduced ZAP's activity (Fig. 3C ). The same experiment was also performed in Rat2Trex-ZAP cells, in which ZAP was expressed in a tetracycline-inducible manner in Rat2 cells, and similar result was observed (Fig. 3C ). These results indicated that overexpression of the ZAP-binding aptamer inhibited ZAP's activity.
The "GAGGG" and "GGGUGG" motifs were required for the RNA aptamers to bind ZAP In the aptamers of group I and II, there are two conserved motifs, GAGGG and GGGUGG. To analyze their function, they were mutated in aptamers 21K and 21E. The GAGG-GUGG motif in 21E was replaced with AAAAAAAA, and the GGGUGG and GAGGG motifs in 21K were replaced with AAAAAA and AAAAA, respectively. These substitutions were predicted not to change the secondary structures (data not Protein & Cell shown). The binding ability and inhibitory effects on ZAP of these aptamers were examined. All the mutant aptamers displayed significantly reduced binding to ZAP (Fig. 4A) . Consistently, overexpression of these mutant aptamers had little effect on ZAP's activity (Fig. 4B) . These results indicated that the conserved motifs were required for the aptamers to bind ZAP.
DISCUSSION
In this study , we used the SELEX method to isolate ZAP-binding aptamers (Fig. 1A) . Since a stable RNA secondary structure usually requires 30-40 nucleotides, a library containing 40 random nucleotides was used. The selected ZAP-binding aptamers are all G-rich RNAs with predicted stem-loop structures containing conserved "GGGUGG" and "GAGGG" motifs in the loop region (Fig. 2) . Although they lack any obvious similarity to the so far Protein & Cell The ZAP-binding RNA aptamer was not sufficient to confer to the reporter sensitivity to ZAP. The sequence encoding 21E, 21K or a random RNA from unselected library was cloned into pGL3-Luc to generate reporters pGL3-21E, pGL3-21K and pGL3-random, respectively. The reporters were transfected into 293TRex-ZAP cells with pRL-TK, a Renilla luciferase reporter that is not affected by ZAP expression, to control transfection efficiency and sample handling. At 6 h posttransfection, the cells were equally divided into two dishes, with one mock treated and the other treated with tetracycline to induce ZAP expression. At 48 h postinfection, the cells were lysed and luciferase activities were measured. Fold inhibition was calculated as the normalized luciferase activity in the mock treated cells divided by the normalized luciferase activity in the tetracycline treated cells. pGL3-M: pGL3-luc-linker reporter containing the ZAP-sensitive fragment from SINV to serve as a positive control. (B) The RNA aptamer competitively inhibited the binding of ZAP to the target viral mRNA in vitro. The radio-labeled viral ZRE, Na, was incubated with the lysate of myc-tagged ZAP-expressing cells immobilized on agarose resin. Increasing amounts of cold 21E RNA were also added to the binding buffer. The resins were washed, resuspended, and divided into two fractions, 80% for detection of the bound RNA by urea-PAGE followed by exposure to X-ray film (upper panel), and the rest 20% for detection of ZAP by Western blotting (lower panel). (C) Overexpression of the ZAP-binding RNA aptamers reduced ZAP's activity. The aptamer encoding sequence was cloned into pSuper-Retro to generate aptamer-expressing plasmid pSR-21E or pSRRandom. The constructs were co-transfected into 293TRex-ZAP or Rat2TRex-ZAP cells with pMLV-luc and pRL-TK. At 6 h posttransfection, the cells were mock-treated or treated with tetracycline to induce ZAP expression. At 48 h posttransfection, luciferase activities were measured. Fold inhibition by ZAP was calculated as above described. The relative fold inhibition of ZAP in the presence of pSR-Random was arbitrarily set as 100.
* denotes p < 0.05, n = 3.
identified viral ZREs (data not shown), analyses of the aptamers help to provide some insight into how ZAP interacts with the target RNA. Insertion of the aptamer sequence into the pGl3-luc reporter failed to improve the reporter's sensitivity to ZAP (Fig. 3A) . However, the aptamer competitively inhibited the binding of ZAP to a viral ZRE RNA in vitro and overexpression of the aptamer in ZAP-expressing cells modestly but significantly reduced ZAP's activity (Fig. 3B and 3C ). These results suggested that the aptamer was able to bind ZAP both in vivo and in vitro, but not sufficient to confer to the reporter sensitivity to ZAP. The reporter containing two copies of 21E aptamer did not improve the sensitivity to ZAP, either (Fig. 3A) . One possibility is that the binding affinity of the aptamer for ZAP was too low compared with the viral ZREs. It is conceivable that multiple sites of interaction between ZAP and RNA might be required for ZAP to tightly bind to the RNA and target it for degradation. This is consistent with the fact that all the ZREs so far identified are at least 500 nt long, which are supposed to form tertiary structures and have multiple possible binding sites. The aptamer may specifically bind to limited sites of ZAP with low affinity.
In the loop region of the aptamers, there are two conserved motifs. Substitution of these motifs dramatically impaired the aptamer's ZAP-binding ability and ZAP-antagonizing activity (Fig. 4) . The CCCH-type zinc-finger motifs have been shown to be required for ZAP to bind the target RNA (Guo et al., 2004) . Similar zinc-finger motifs also exist in tristetraproline (TTP) (DuBois et al., 1990) , which specifically targets the AU-rich element (ARE) often found in the 3' untranslated regions of cytokines, growth factors and proto-oncogenes (Lai et al., 1999 (Lai et al., , 2000 Blackshear, 2002; Carrick et al., 2004; Barreau et al., 2005) , and characterized by the AUUUA motif. These results suggest that sequence-specific interaction between ZAP and RNA is important for ZAP to bind the RNA. How ZAP interacts with specific RNA sequence awaits further investigation.
In conclusion, the SELEX-derived ZAP-binding aptamers were G-rich RNAs with predicted stem-loop structures containing conserved "GGGUGG" and "GAGGG" motifs in Figure 4 . The GAGGG and GGGUGG motifs are required for the aptamers to bind to ZAP and thereby to inhibit ZAP's activity. (A) In vitro binding assay. The conserved motif GAGGGUGG in 21E was replaced with AAAAAAAA to generate mutant 21Em. The conserved motifs GGGUGG and GAGGG were replaced with AAAAAA and AAAAA to generate 21Km1 and 21Km2, respectively. The indicated RNA aptamers were assayed for their binding to ZAP as described in the legend to Fig. 1B. (B) The aptamer coding sequence was cloned into pSuper-Retro and assayed for their ability to reduce ZAP's activity in 293TRex-ZAP cells as described in the legend to Fig. 3B . * denotes p < 0.05, n = 3.
the loop region. Overexpression of the aptamers reduced ZAP's antiviral activity. The conserved motifs were required for aptamers' binding to ZAP, suggesting that the RNA sequence is important for specific binding to ZAP. The aptamers should provide useful tools for further investigating the details of the interaction between ZAP and the target RNAs.
MATERIALS AND METHODS
Plasmid construction
The luciferase reporter plasmid, pGl3-luc-linker, has been described previously (Guo et al., 2004) . The plasmid pGl3-luc-M, which was generated by inserting a ZAP-sensitive fragment from SINV into the pGl3-luc-linker, has also been reported (Guo et al., 2004) . pGl3-luc-21E is a reporter with the coding sequence of aptamer 21E inserted in the 3' UTR of luciferase. pGl3-luc-21E (D) contains two copies of the coding sequence of aptamer 21E. pGl3-luc-random is a reporter carrying a random sequence (5'-gggaacagtccgagccgcgggcgaggaaagctcgtatggtcgcacggctgtgtatggggtg-3') amplified from unselected pool 0. To generate pGl3-luc-21E and pGl3-luc-21E (D), the 21E aptamer cDNA was PCR amplified using primers 72FP and 72RP and cloned into pGL3-Luc-linker in the sense orientation using the BamHI site. The same strategy was employed to generate pGl3-luc-21K and pGl3-luc-random. The primer sequences are listed below: 72FP: 5'-TATAGGATCCGGGAACAGTCCGAGCC-3'; 72RP: 5'-TATAGGATCCTATGACGAATTCACCCC-3'. pSR-21E expresses aptamer 21E. To generate pSR-21E, the sequence encoding aptamer 21E was PCR-amplified using primers SR-FP and SR-RP and cloned into pSuper-Retro (Oligoengine) under the H1 promoter using the BglII and HindIII sites. The primer sequences are listed below: SR-FP: 5' -GGAAGATCTGGGAACAGTCCGAGCC-3'; SR-RP: 5'-ATCCCAAGCTTAAAAATATGACGAATTCACCC-3'.
Preparation of random RNA library
The synthetic oligonucleotides containing 40 nucleotides of random sequence flanked by defined sequences were PCR-amplified, with the T7 promoter sequence built in the forward primer. The amplified DNA was purified by phenol and chloroform extraction followed by ethanol precipitation, and transcribed with T7 RNA polymerase (T7 RiboMAX. Express Large Scale RNA Production System, Promega). The sequences of the primers are shown in Fig. 1A .
In vitro selection of RNA aptamers 293TRex-ZAP cells were treated with 1 μg/mL tetracycline for 12 h to induce ZAP expression, and then lysed in lysis buffer A (25 mM Trisphosphate, pH 7.8, 2 mM dithiothreitol, 2 mM 1,2-diaminocyclohexane-N,N,N',N'-tetraacetic acid, 10% glycerol, 1% Triton X-100). The lysates were clarified by centrifugation at 13,000 rpm (Sorvall Biofuge, Fresco) for 10 min. The myc-tagged ZAP was immobilized on protein G-agarose resin (Santa Cruz) using the 9E10 anti-myc antibody (Santa Cruz). The resin was washed three times in RNasefree binding buffer (10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1 mM EDTA and 10 μM ZnCl 2 ). Approximately 20 nM of the RNA library was first incubated with 100 μL of protein G-agarose resin in the RNase-free binding buffer for 20 min at room temperature with occasional shaking. The resin was discarded and the precleared RNA was incubated with immunoimmobilized ZAP protein in 500 μL of the binding buffer supplemented with RNasin (Promega), 1 μg/μL heparin and 200 ng/μL yeast tRNA for 30 min at room temperature. The resin was washed three times with the binding buffer, resuspended, and treated with 0.5% SDS and protease K at 55°C for 30 min to detach the bound RNA from the resin. The RNA was recovered by phenol-chloroform extraction followed by ethanol precipitation. The recovered RNAs were reverse transcribed with MLV reverse transcriptase (Invitrogen), and amplified by PCR with Taq DNA polymerase for the next round of selection.
After the 21st round of selection, the cDNAs were amplified by PCR, cloned into pMD18T vector (Takara) and sequenced. The ClustalW software was used for multiple alignments of these RNA aptamers. The secondary structures of the selected RNA aptamers were predicted by the MFold program based on the Zuker algorithm (Zuker, 2003) .
In vitro binding assay
The aptamer RNA was labeled with [α-32P] UTP (Amersham) by in vitro transcription using the Riboprobe Systems following the manufacture's instruction (Promega). The labeled RNA was purified by Sephadex G25 spin columns (Roche Diagnostics). 1 × 10 5 cpm labeled RNA was incubated with 30 μL immuno-immobilized ZAP in the binding buffer as described above. The resin was washed three times with the binding buffer, resuspended, and divided into two fractions, 80% for detection of the bound RNA by urea-PAGE and 20% for detection of ZAP protein by Western blotting.
Cell culture and sensitivity assay
All the cells were maintained in DMEM supplemented with 10% FBS. Transfection was performed using Lipofectamine 2000 following the manufacturer's instruction (Invitrogen). 293TRex-ZAP cell line has been described previously (Guo et al., 2004) . To establish the Rat2TRex-ZAP cell line, Rat2TRex cells, which stably express the repressor of the Tet operon, were stably transfected with pcDNA4/TO/ myc-ZAP (Guo et al., 2004) and selected for Zeocin resistance. Individual clones were picked, expanded, and tested for tetracyclineinducible expression of ZAP by Western blotting. The luciferase reporter assay has been previously reported (Guo et al., 2004) . Briefly, pGl3-luc-21E, pGl3-luc-21K or pGl3-luc-random was transfected into 293Trex-ZAP together with pRL-TK (Promega). At 6 h post transfection, the cells were equally divided into two dishes, with one mock treated and the other treated with tetracycline to induce ZAP expression. At 48 h post transfection, the cells were lysed and luciferase activities were measured. The expression level of pRL-TK, a plasmid expressing Renilla luciferase that is not affected by ZAP, was used to normalize the transfection efficiencies. Fold inhibition was calculated as the normalized luciferase activity in the mock treated cells divided by the normalized luciferase activity in the tetracycline treated cells.
To assay the effect of the expression of the aptamer on ZAP's activity, the aptamer expressing plasmid was transfected into 293TRex-ZAP or Rat2TRex-ZAP cells with pMLV-luc and pRL-TK. At 6 h posttransfection, the cells were mock-treated or treated with tetracycline to induce ZAP expression. At 48 h posttransfection, luciferase activities were measured. Fold inhibition by ZAP was calculated as the normalized luciferase activity in the mock-treated cells divided by the normalized luciferase activity in the tetracyclinetreated cells. Relative fold inhibition was calculated as the fold inhibition in the presence of the ZAP-binding aptamer divided by the fold inhibition in the presence of control RNA. The statistical significance of the data was analyzed with the SPSS program.
